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Embryonic Development of Olfactory Neurons
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and Regeneration, University of Texas, Southwestern Medical Center,
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Neurons of the vertebrate olfactory epithelium (OE) regenerate continuously throughout life. The capacity of these neurons
to regenerate and make new and precise synaptic connections in the olfactory bulb provides a useful model to study factors
that may control or mediate neuronal regeneration. Expression and in vitro studies have suggested potential roles for the
neurotrophins in the olfactory system. To directly examine whether neurotrophins are required for olfactory neuron
development, we characterized in vivo the role of the neurotrophins in the primary olfactory system. For this, we generated
mutant mice for TrkA, TrkB, TrkC, and also for BDNF and NT3 together with P2-IRES-tau-LacZ trangenic mice.
Histochemical staining for b-galactosidase at birth allowed in vivo analysis of the P2 subpopulation of olfactory neurons as
well as their projections to the olfactory bulb. Our data indicate that Trk signaling is not required for normal embryonic
development of the olfactory system. © 2001 Academic Press
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eINTRODUCTION
Olfactory neurons have the ability to regenerate in large
numbers throughout adult life (Graziadei et al., 1978). On
verage, mature olfactory neurons are replaced every 4–6
eeks by newly differentiated precursor neurons originat-
ng from stem cells located at the base of the olfactory
pithelium (Calof and Chikaraishi, 1989; Farbman, 1990;
raziadei and Graziadei, 1979). Generation of mature olfac-
ory neurons begins with asymmetrical division of stem
ells located at the base of the olfactory epithelium. The
aughter cells differentiate into new olfactory neurons that
roject axons to the olfactory bulb, where they establish
ynapses. Mature olfactory neurons are generated via at
east three distinct neuronal precursor cells that have been
haracterized according to the expression of molecular
arkers (Calof, 1995). After division of the basal cells, some
ells differentiate into MASH1-positive precursors that
gain divide to give rise to immediate neuronal precursors
INP), which, in turn, proliferate and give rise to immature
lfactory neurons (NCAM1, GAP431, OMP2) (Calof and
hikaraishi, 1989; Farbman, 1990; Graziadei and Graziadei,
979; Verhaagen et al., 1990). These neurons undergo fur-
1 S.N. and M.E.L. contributed equally to this work.
2 To whom correspondence should be addressed. Fax: (214) 648-n960. E-mail: parada@utsw.swmed.edu.
80her differentiation, ultimately giving rise to mature olfac-
ory neurons [OMP1 (olfactory marker protein) NCAM1].
evelopmental and organ culture studies have shown that
iliogenesis is incomplete in the absence of direct contact
ith the olfactory bulb which may provide factors for
aturation or survival of these newly generated neurons
Hinds et al., 1984; Schwob et al., 1992).
The accessibility and capacity of the olfactory epithelium
o regenerate and make new synaptic connections provide a
seful model to study factors that may control each of the
uccessive steps in survival, maturation, migration, and
atterning. The mechanisms that regulate neuronal regen-
ration are not well understood. The factors modulating
eurogenesis and cell death in the olfactory epithelium can
ave genetic or environmental origins (for review see Farb-
an, 1990) and may depend on cell interactions. For ex-
mple, cell death occurs rapidly in the OE after bulbectomy
r by lesion of olfactory neuron axons leading to increased
itotic activity in stem cells of the olfactory epithelium
hat then produce new neurons. It remains to be established
hether the mechanisms that mediate olfactory neuron
evelopment in embryogenesis are recapitulated during
dult regeneration or whether altogether different mecha-
isms are responsible for neuronal regeneration and differ-
ntiation in the adult.
Numerous studies have documented the critical role ofeurotrophins and Trk family receptors in development of
0012-1606/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
w81Embryonic Development of Olfactory NeuronsFIG. 1. mRNA localization of neuronal markers in the nasal cavity of newborn pups. Serial adjacent sections of the nasal cavity of
ild-type neonates were hybridized with [35S]-labeled antisense probes against specific neuronal markers. (A) Neurogenin I, (B) Otx2, (C)Mash1, (D) Gap43, (E) OMP, and (F) OR3.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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82 Nef et al.specialized sensory neurons such as gustatory (Liebl et al.,
1999; Nosrat, 1998; Nosrat et al., 1997), acoustic (Fritzsch
et al., 1997, 1998), and retinal neurons (Atkinson et al.,
999; Cellerino et al., 1997; Frade and Barde, 1999; Frade et
l., 1999). For olfactory neurons, several trophic factor
amilies have been implicated in differentiation, prolifera-
FIG. 2. Expression of the neurotrophins and the Trks receptors in
from wild-type neonates were hybridized with [35S]-labeled anti
extracellular, (F) TrkB kinase, (G) TrkC extracellular, and (H) TrkC
a newborn pup. The two arrows in (F) indicate the TrkB kinas
epithelium; VNO, vomeronasal organ; LP, lamina propria.ion, and/or survival. This includes factors from gene fami-
Copyright © 2001 by Academic Press. All righties such as the neurotrophins (NTFs), Fibroblast Growth
actors, Epidermal Growth Factors, platelet-derived growth
actors, Insulin-like growth factors, Glial Cell Line-Derived
eurotrophic Factors (neurturins), and Transforming
rowth Factors b (for review see Mackay-Sim and Chuah,
2000).
asal cavity of neonates. Serial adjacent sections of the nasal cavity
probes for: (A) NGF, (B) BDNF, (C) NT3, (D) TrkA, (E) TrkB
ase. (I) Schematic drawing of a coronal view of the nasal cavity of
cific signal in the olfactory bulbs. Abbreviations: OE, olfactorythe n
sense
kin
e-speThe neurotrophins are a family of neurotrophic factors
s of reproduction in any form reserved.
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83Embryonic Development of Olfactory Neuronsthat function through the Trk family of receptors to pro-
mote neuronal survival, neurite outgrowth, and phenotypic
maturation in the peripheral nervous system (PNS). In the
central nervous system (CNS), these same factors are im-
plicated in synaptic function (Lewin and Barde, 1996).
Under physiological conditions, NGF specifically activates
TrkA; BDNF and NT4/5 preferentially activate TrkB; and
NT3 activates TrkC and, to a lesser degree, TrkA and TrkB.
Members of the NGF neurotrophin family and their
high-affinity Trk receptors are expressed in the adult pri-
mary olfactory system (for review see Mackay-Sim and
Chuah, 2000). The expression of BDNF and NT3 in the
olfactory bulb makes them good candidates for potential
target-derived trophic factors (Deckner et al., 1993; Guthrie
and Gall, 1991). In olfactory epithelium, TrkA immunore-
activity was observed in sparsely separated horizontal basal
cells (Miwa et al., 1998; Roskams et al., 1996), whereas
TrkB and TrkC immunoreactivities were observed in the
sensory neuronal layer of the olfactory epithelium and
along the fila olfactoria of adult rat (Deckner et al., 1993;
Roskams et al., 1996). Roskams et al. (1996) described the
sequential expression of TrkA, -B, and -C in the regenerat-
ing olfactory neuroepithelium of the adult rat. Basal cell
precursors express TrkA, while immature olfactory neurons
express TrkB and mature olfactory neurons express TrkC.
These data identify the olfactory lineage as the only known
neuronal lineage to sequentially express TrkA, TrkB, and
TrkC during division and differentiation.
In primary cultures of adult rat olfactory neurons, NGF,
BDNF, and NT3 induced cFos expression and BDNF and
NT3 increased the number of immature neurons (Roskams
et al., 1996). BDNF, NT3, and NT4/5 were able to promote
survival of a fraction of cultured mouse olfactory neurons
(Holcomb et al., 1995). In contrast, NGF alone did not
ncrease neuron numbers or survival of neurons in culture
Holcomb et al., 1995; Roskams et al., 1996). Finally, a
hysiological role for BDNF has been demonstrated in the
lfactory bulb. BDNF was able to promote proliferation
nd/or survival of the olfactory bulb interneurons arising in
he subventricular zone of adult rat (Zigova et al., 1998).
hese data provide evidence for a role of neurotrophins in
europrotection or regeneration of mature neuronal popu-
ations but do not address a role in embryonic development.
To determine the in vivo function of neurotrophin sig-
aling in the developing olfactory system, we systemati-
ally analyzed the expression of the NTFs and the different
rk receptors in the olfactory bulb and olfactory epithelium
t birth (P0). In addition, we exploited the availability of a
b2galactosidase reporter “knocked in” to the P2 olfactory
receptor gene [P2-IRES-tau-LacZ (Mombaerts et al., 1996)]
to gain visual and quantitative insight into developing
neurons in the Trk receptor and NTF mutant backgrounds.
The data generated by study of these genetically modified
mice unambiguously indicate that the NTFs do not play a
major role in the embryonic development of olfactory
neurons.
Copyright © 2001 by Academic Press. All rightMATERIALS AND METHODS
Animals
Mice with null mutations for BDNF (Liebl et al., 1997), NT3
Tessarollo et al., 1994), TrkA (Liebl et al., 1999), TrkB full-length
(see below), and TrkC full-length (Tessarollo et al., 1997) were
generated and maintained in the laboratory and subsequently used
to generate mutant mice containing the P2-IRES-tau-LacZ allele.
The TrkB full-length knock-out mouse used in this study was
generated in our laboratory by targeting the first coding exon in the
TrkB gene (S.N. and L.F.P., unpublished results). Both full-length
and the truncated forms of TrkB proteins are absent in this mouse.
These mutant mice differ from the original TrkB KO mouse
reported by Klein et al. (1993), in which only the kinase domain
was eliminated, therefore still expressing the truncated form of
TrkB. The P2-IRES-tau-LacZ was kindly provided by Dr. P. Mom-
baerts (Mombaerts et al., 1996).
LacZ Staining
Newborn pups from crosses such as WT, P2-IRES-tauLacZ (P2) 3
WT, P2 3 BDNF het, P2 3 NT3 het, P2 3 NT3 het 3 BDNF het,
P2 3 TrkA het, P2 3 TrkB full-length het, and P2 3 TrkC
full-length het were collected at P0.5 and killed by decapitation.
The heads were then fixed for 4 h in 4% paraformaldehyde (PFA) at
4°C and stored in 24% sucrose in phosphate-buffered saline at 4°C
until the day of sectioning. For X-gal histochemistry, heads were
frozen in O.C.T. compound, and 40-mm serial sections through the
ntire olfactory epithelium and bulbs were collected on gelatin-
oated slides. Sections were washed three times, 20 min each, in
ash buffer (0.1 M phosphate buffer, 2 mM MgCl2, and 0.02%
IGEPAL) and then placed in staining buffer (wash buffer plus 1
mg/ml X-gal, 5 mM potassium ferrocyanide, and 5 mM potassium
ferricyanide) overnight at 37°C. The next day sections were washed
in wash buffer, postfixed for 1 h at 4°C in 4% paraformaldehyde,
dehydrated through ethanol, then couterstained with eosin. For
counting, all the sections of the olfactory epithelium were used.
Only stained neurons of the nasal septum with a cell body, an axon,
and a dendrite were counted independently by two individuals,
blind to genotype, then averaged.
In Situ Hybridization
Wild Type, TrkA, TrkB, TrkC, BDNF, and NT3 mutant newborn
pups were dissected, fixed overnight in 4% PFA, 13 PBS, dehy-
drated in 20% sucrose overnight, and embedded in O.C.T. com-
pound for cryostat sectioning. Then, 20-mm serial coronal sections
were collected on gelatine-coated slides and processed for In Situ
Hybridization as follows: selected sections where postfixed for 15
min in 4% PFA, acetylated for 10 min in 0.1 M triethanolamine,
and dehydrated in ethanol. [35S] radioactive antisense cRNA were
produced by in vitro transcription with T3, T7, or SP6 RNA
polymerases from linearized clone of NGF (coding region, 600-bp
fragment), BDNF (coding region, 750-bp fragment), NT3 (coding
region, 323-bp fragment), TrkA (extracellular domain, 454-bp frag-
ment), TrkB extracellular (extracellular domain, 438-bp fragment),
TrkB kinase (kinase domain corresponding at a.a. 570–703, 420-bp
fragment), TrkC extracellular (containing the extracellular domain,
2.2-kb fragment), TrkC kinase (kinase domain corresponding at a.a.
666–815, 490-bp fragment), Mash1 (end of coding region and part of
s of reproduction in any form reserved.
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84 Nef et al.the 39 untranslated region, approx. 300-bp fragment), Neurogenin I
whole mouse cDNA, 750-bp fragment), Otx2 (part of the coding
egion, 242-bp fragment), Gap43 (fragment containing the first 380
oding bp), OMP (full mouse cDNA, 800-bp fragment; gift from F.
argolis) and OR3 (approx. 2 kb of mouse genomic fragment
ontaining the whole coding sequence of the olfactory receptor
R3). If the length of the cRNA was superior to 800 bases, the final
ize was adjusted by limited alkaline hydrolysis to a mass average
f approximately 150 bases. Denatured probe was added to the
ybridization mix (0. 3 M NaCl, 0.02 M Tris—HCl, pH 8.0, 5 mM
FIG. 3. Expression of the neurotrophins and the Trks receptors in
ild-type neonates were hybridized with [35S]-labeled antisense pro
(F) TrkB kinase, (G) TrkC extracellular, and (H) TrkC kinase. (I) Sche
Abbreviations: ONL, olfactory nerve layer; GL, glomerular layer
plexiform layer; GrL, granule cell layer.DTA, 10% Dextran sulfate, 13 Denhardt’s, 0.5 mg/ml tRNA, 0.1 m
Copyright © 2001 by Academic Press. All rightDTT, 50% formamide, and 30,000 cpm/ml of radioactive probe),
then the sections were hybridized for 16 h at 60°C, washed for 30
min at 65°C in a stringent wash solution (0.15 M NaCl, 0.02M
Tris—HCl, pH 7.5, 5 mM EDTA, 0.1M DTT), followed by an
RNase treatment for 1 h at 37°C with 20 mg/ml RNase A. Final
ashes were done in 0.13 SSC for 15 min at 60°C, and the sections
ere dehydrated in ethanol, and autoradiography was performed
or 18 h to estimate the exposure time needed in Kodak emulsion
NTB2) (ranging from 4 to 14 days, depending on the probes).
ections were then developed, colored with toluidine blue,
eonate olfactory bulb. Adjacent sections of the olfactory bulb from
for: (A) NGF, (B) BDNF, (C) NT3, (D) TrkA, (E) TrkB extracellular,
ic drawing of a coronal view of the olfactory bulb of a newborn pup.
, external plexiform layer; MCL, mitral cell layer; IPL, internalthe n
bes
mat
; EPLounted, and photographed with an Olympus microscope.
s of reproduction in any form reserved.
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85Embryonic Development of Olfactory NeuronsRESULTS
NTF and Trk Expression in the Olfactory
Epithelium
In order to study the potential role of the NTFs in the
developing mouse olfactory system, we first characterized
the expression pattern of NTFs and their high-affinity
receptors in comparison to markers for neuronal differen-
tiation in the nasal cavity at birth. In situ hybridization
(ISH) was performed on coronal sections of the nasal cavity,
which included the olfactory epithelium (OE) and the
vomeronasal organ (VNO). In Fig. 1, anti-sense probes
against specific markers for the ORN lineage were used.
Neurogenin1, Otx2, and Mash-1, three specific probes for
arly proliferating neuronal precursors, were detected at the
ase of the olfactory epithelium. NgnI and Mash1, but not
Otx2, were also detected at the base of the VNO. Strong
signals were detected in the OE and VNO of immature and
mature neurons by using Gap43 and OMP probes, respec-
tively. The punctate pattern of expression for OR3 (Olfac-
tory Receptor 3) (Nef et al., 1992) detected transcripts
expressed in a subpopulation of mature ORNs different
from the P2 receptor subpopulation which is further ana-
lyzed below.
At P0, transcripts for NGF, BDNF, and NT3 were not
detected in OE or VNO (Figs. 2 A–2C). In contrast, weak
expression was noticed in the lamina propria. TrkA expres-
sion was also absent in the nasal cavity. Truncated-TrkB
transcripts that encode extracellular, transmembrane, and
intracellular juxtamembrane domains, but lack the cata-
lytic kinase domain, were transcribed in the lamina propria
but absent in the OE and VNO. In contrast, transcripts
coding for full-length TrkB were absent in the nasal cavity
while strongly expressed in the OB (arrows Fig. 2F). Trun-
cated and full-length transcripts for TrkC were both de-
tected in the lamina propria but not in the OE or VNO. To
control for the specificity of each probe, coronal sections of
the olfactory system from mutant mice for TrkA, TrkB,
TrkC, BDNF, and NT3 were processed for ISH and no signal
was detected with the respective probes that matched the
mutant genotype (data not shown). In addition, each probe
was used to detect expression in embryonic dorsal root
ganglion sections as positive controls for each experiment
(Martin-Zanca et al., 1990; Tessarollo et al., 1993). The data
in Fig. 2 represent highly overexposed samples in order to
provide the highest possible sensitivity (compare with Fig.
1). The expression pattern of the NTFs or their receptors in
the nasal cavity did not overlap with that of Ngn1, Mash1,
Otx2, Gap43, or OMP. In summary, our data indicate that,
at P0, OE and VNO do not express TrkA, TrkB, or TrkC.
Truncated-TrkB and -TrkC as well as full-length TrkC
mRNAs were detected in the lamina propria of the nasal
cavity.
NTF and Trk Expression in the Olfactory Bulb
In the olfactory bulb, NGF is expressed weakly in theeriglomerular cells (Fig. 3A). BDNF expression appears to
Copyright © 2001 by Academic Press. All rightbe restricted to a subpopulation of granule cells (Fig. 3B). No
transcripts for NT3 or TrkA were detected in the olfactory
bulb (Figs. 3C and 3D). A probe specific for the kinase
domain of TrkB strongly labeled the mitral cell layer and
also, to a lesser extent, the granule cell layer. A TrkB probe
hybridizing with both truncated and full-length TrkB tran-
scripts labeled the glomerular, the mitral cell, and granule
cell layers (Figs. 3E and 3F). TrkC transcripts were present
in low levels throughout the entire olfactory bulb including
the olfactory nerve layer and the glomerular, mitral, and
granular cell layers (Fig. 3G). Transcripts for TrkC kinase
were also present in all layers but with less intensity (Fig.
3H).
OE Development in the Absence of Neurotrophin
Signaling
To examine the potential roles of NTFs and their cognate
receptors in the regulation of embryonic olfactory neuro-
genesis, proliferation, differentiation, survival, and axon
targeting, we examined mice with null mutations for TrkA,
TrkB, TrkC, and also for BDNF, NT3, or BDNF and NT3
genes. Because all of these mutant mice die at early post-
natal ages, we confined our study to one time point, the day
of birth (P0). At birth, the olfactory system is almost fully
developed. To facilitate our study, we crossed the NTF or
Trk receptor knockout mice together with the P2-IRES-tau-
LacZ mutant mouse (Mombaerts et al., 1996). In these
latter mice, the IRES-tau-LacZ sequence was inserted
downstream of the P2 odorant receptor gene. The P2-IRES-
tau-LacZ locus encodes a bicistronic mRNA which allows
the translation of the P2 receptor along with tau-LacZ.
Histochemical staining for b-galactosidase allowed us to
nalyze the P2 subpopulation of ORNs, as well as their
rojections to the olfactory bulb because the tau-b-
galactosidase fusion protein is anterogradely transported
along axons. To precisely quantify the effect of the absence
of the NTFs or their cognate receptors, we performed serial
coronal sections of the nasal cavity and histochemically
stained them for b-galactosidase to reveal P2-expressing
ORNs. In wild-type or mutant animals, positive neurons
were exclusively detected in zone three of the olfactory
epithelium (see Fig. 4). We quantified the number of P2
ORNs located in the nasal septum region by counting all
LacZ-positive cell bodies with a blue dendrite and an axon
leaving the OE. We chose to count only blue neurons of the
nasal septum since they are all visible in the cutting plane.
By restricting the counts to the septal region, we avoided
potential counting errors of more perpendicular neurons or
axon bundles in regions such as the turbinates. For each
mutant, at least five pups were counted. On average,
approximately 250 LacZ-positive neurons were detected in
the nasal septum per allele of P2-IRES-tau-LacZ. Due to
allelic exclusion, ORNs express only one allele of an
olfactory receptor (Mombaerts et al., 1996). As a result,
mice homozygous for the P2-IRES-tau-LacZ allele will have
twice as many labeled cells as heterozygous animals (see
Fig. 5G). Our results show that, in mice mutant for TrkA,
s of reproduction in any form reserved.
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86 Nef et al.TrkB, TrkC, BDNF, NT3, and BDNF/NT3, the number of
P2-positive neurons in the septum were similar to their
wild-type littermates without any statistically significant
differences (Figs. 4 and 5). This indicates that the neurotro-
phins are not required for normal embryonic development
of the P2 ORN lineage. Since P2-expressing neurons are
only one subpopulation of olfactory receptor neurons out of
a possible thousand, we also examined another population.
We performed ISH on OE from wild-type or mutant mice
with a probe for OR3, another mouse olfactory receptor
gene expressed in a different subpopulation of ORNs. As in
the case for P2 neurons, the pattern, intensity of the signal,
and the number of OR3-positive cells were similar in
FIG. 4. P2-IRES-tau-LacZ expression in the olfactory epithelium
of neurotrophin mutant mice. Representative coronal sections of
olfactory epithelium of WT (A), TrkA (B), TrkB (C), TrkC (D), NT3
E), BDNF (F), or BDNF/NT3 double (G) mutant mice stained with
b-galactosidase histochemistry and couterstained with eosin.wild-type (Fig. 1F) and in mutant animals (data not shown).
Copyright © 2001 by Academic Press. All right2- or OR3-positive neurons were also observed in small
umbers in the vomeronasal organ (between 1 and 8 posi-
ive neurons) (Royal and Key, 1999). Like in the olfactory
pithelium, this small number of positive neurons was
nchanged in wild-type or mutant mice. Finally, we per-
ormed ISH using sections of the nasal cavity of wild-type or
utant neonates with probes specific for different stages of
he ORN lineage (Ngn1, Otx2, Mash1, Gap43, and OMP).
ignal in wild-type (see Fig. 1) or mutant OE and VNO (data
ot shown) was similar in pattern and intensity, indicating
o apparent differences in ORN lineage differentiation or
roliferation in the mutant mice. These gene expression
xperiments in the NTF and Trk receptor mutant mice
emonstrate that NTF signaling is not required for forma-
ion of the OE.
P2 Axonal Projection in the Olfactory Nerve
LacZ staining for the P2 subpopulation of ORN allowed
us to examine the trajectory of P2 axons between the nasal
cavity and the olfactory bulb in mice mutant for TrkA,
TrkB, TrkC, BDNF, NT3, and BDNF/NT3. X-gal histochem-
istry reveals that P2 neuron axons do not fasciculate as they
pass through the olfactory epithelium but form small
bundles within the submucosa. P2 axons penetrated the
cribriform plate in numerous positions along the antero-
posterior axis. No apparent differences in P2 axonal projec-
tion from the olfactory epithelium to the olfactory bulb
were observed between wild-type and mutant neonates
(data not shown).
The Developing OB and Axonal Migration
Since truncated and full-length TrkC and TrkB are
strongly expressed in the olfactory bulb, it may suggest a
potential role for BDNF, NT4/5, and NT3 in the formation
of glomeruli, which is composed mainly of axons from
olfactory receptor neurons and dendrites from mitral cells.
To investigate the potential role(s) of NTFs and their
cognate receptors on axonal migration in the olfactory bulb
and the formation of glomeruli, we performed serial coronal
sections of wild-type or mutant mice for TrkA, TrkB, TrkC,
BDNF, NT3, or BDNF/NT3 together with P2-IRES-tau-
LacZ. Histologically, no apparent defects were observed in
the olfactory bulb of mutant animals. The olfactory nerve
layer, the glomerular, external plexiform, mitral, internal
plexiform, and granular cell layers are all present and appear
normal. At P0, LacZ-positive axons pass the cribriform
plate and converge on two loci, one on the medial and one
on the lateral aspect of each OB (Fig. 6). In each locus, P2
axons converge into one glomerulus or into two discrete
glomeruli that were connected by a bundle of axons (Royal
and Key, 1999). Similar to what we observed in the olfactory
epithelium, analysis of compiled olfactory bulb sections
indicated no differences in the topographical position, the
number, or size of P2 glomeruli between wild-type and
mutant animals. In addition, aberrant P2-axonal migration
was not increased in the mutants. Taken together, these
s of reproduction in any form reserved.
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87Embryonic Development of Olfactory NeuronsFIG. 5. Quantification of P2 neurons present at birth in the septal region in WT or mutant mice. Our counts are given as number of labeled
ells per allele of P2-IRES-tau-LacZ, and, for each neurotrophin mutant, we compared WT, heterozygous, and homozygous littermates. No
ignificant differences were found in the number of labeled cells of WT (G) or TrkA (A), TrkB (B), TrkC (C), BDNF (D), NT3 (E), or
DNF/NT3 double (F) mutant mice. For each mutant, at least five animals were counted. Graph G shows that the number of labeled
eurons per allele of P2-IRES-tau-LacZ is additive. Due to allelic exclusion, olfactory neurons expressed only one allele of an olfactory
eceptor. Graph H shows the comparison of all the neurotrophin knockouts to all WT animals examined.
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88 Nef et al.data indicate that, despite strong expression of TrkB and C
in the olfactory bulb, neurotrophin signaling does not play
a key role in glomerular formation and correct axonal
migration of the P2 subpopulation of ORN.
DISCUSSION
A major focus in modern vertebrate neuroscience re-
search is understanding the molecular basis for early neu-
ronal differentiation and survival over protracted periods of
time. It is this idiosyncratic feature of neurons that results
in poor outcomes for individuals with CNS trauma or
neurodegenerative disease. The fundamentally different
property of neurons of the olfactory system, which is their
ability to continuously regenerate from an abundant stem
cell pool, makes these neurons a likely source for under-
standing and eventually manipulating the potential regen-
erative capacity of nerve cells. A reasonable assumption
might be that the mechanisms that regulate olfactory
neuron development during embryogenesis are again used
during the lifetime of the organism in controlling regenera-
tion. However, it remains formally possible that distinct
mechanisms are responsible for the development of embry-
onic neurons versus the coordinated differentiation of adult
stem cells.
The NGF family of neurotrophins control important
features of neuronal embryonic development in the PNS. In
addition, added important roles for these molecules and
their receptors continue to emerge for a variety of aspects in
CNS and PNS function. These include documented roles in
mediating gustatory, acoustic, and retinal neuron develop-
ment. Indeed, various reports have implicated a role for
neurotrophins in olfactory neuron biology, although, until
now, direct examination of gene knockouts has not been
reported (Barber et al., 2000; Holcomb et al., 1995; Roskams
et al., 1996). Our results provide clear evidence that, in
mice, olfactory neuronal development does not rely in a
significant way on the function of neurotrophins or their
cognate Trk receptors. Our studies do not address possible
neurotrophin function in the mature olfactory system.
In the olfactory bulb, our expression study confirmed
previous reports (Deckner et al., 1993; Guthrie and Gall,
1991) describing NGF mRNA localization in periglomerular
cells and BDNF mRNAs in periglomerular and granular
cells, while no transcripts for NT3 or TrkA were detected.
However, we found that truncated and full-length TrkC-
specific transcripts are present in all layers, while TrkB
full-length transcripts are detected in the mitral cell layer
and also the granule cell layer to a lesser extent. The TrkB
probe hybridizing both with truncated and full-length TrkB
ranscripts labeled the glomerular, mitral cell, and granule
ell layers, indicating that mRNAs for the truncated TrkB
re principally located in the glomerular layer and in
ranular layers.
Our in situ hybridization experiments were entirely fo-
ussed on the developing, rather than the mature, olfactory
ystem, where we could not detect expression of catalytic
Copyright © 2001 by Academic Press. All rightrk family receptor mRNAs in olfactory neurons. In the
dult rat, Roskam et al. (1996) observed TrkB and TrkC
mmunoreactivity in olfactory neurons. Similarly, we don’t
etect TrkA transcripts in the olfactory epithelium at P0,
hile, in other studies, TrkA immunoreactivity was ob-
erved sparsely in basal cells in adult rodents (Miwa et al.,
998; Roskams et al., 1996).
The inclusion of the P2-IRES-tau-lacZ allele in mice
earing a mutated gene for TrkA, TrkB, TrkC, NT3, BDNF,
r BDNF/NT3 allowed us to determine the in vivo effects of
eurotrophin signaling on the development, proliferation,
nd differentiation of a circumscribed ORN lineage as well
s the axonal projection of these mature olfactory neurons.
istochemical staining for b-galactosidase in P2-expressing
ORNs provided an unambiguous and quantitative method
of determining that the number of olfactory neurons were
not affected in any of the mutants tested. Similar results
using in situ hybridization (data not shown) were obtained
with the OR3 subpopulation of olfactory neurons whose
numbers were not altered in the different mutants. All
together, this indicates that Trk signaling is not required for
normal embryonic development of the olfactory epithe-
lium.
Crossing the P2-IRES-tau-lacZ mice in combination with
mice bearing mutated neurotrophin and Trk receptor genes
further allowed us to determine possible in vivo effects on
axonal projection into the olfactory bulb (Mombaerts et al.,
1996). A similar approach has been employed to study
olfactory development in mice deficient for the Tbr-1 gene,
which fail to form mitral and tufted cells, and in mice
deficient for the Dlx-1/Dlx-2 genes, which lack GABAergic
interneurons. The P2 axons in these two mutant mice
converge normally toward their glomeruli, indicating that
the establishment of an olfactory sensory map is not depen-
dent upon cues provided by three of the major cell types in
the olfactory bulb (Bulfone et al., 1998). Mice bearing a
targeted mutation in the a subunit of the olfactory cyclic
ucleotide-gated ion channel fail to exhibit odorant-evoked
esponses (Brunet et al., 1996). Similarly, in these mice, P2
xons migrate normally toward their respective glomeruli,
uggesting that presynaptic neural activity is not required
or the establishment of an olfactory sensory map (Lin et al.,
000; Zheng et al., 2000). However, caution is needed when
xtrapolating conclusions derived from studying a single
ubpopulation of ORN (in our case, the P2 subpopulation).
hile P2 ORNs appear to converge normally in mutant
ice for the cyclic nucleotide-gated ion channel gene, a
ramatic defect on convergence is seen in ORN expressing
he M72 olfactory receptor gene (Zheng et al., 2000), indi-
ating that the P2 population may not be altogether repre-
entative of the entire ORN population. Despite this limi-
ation, the P2-IRES-tau-lacZ mice remain a powerful tool to
iscriminate in vivo the function or the impact of genes of
interest. Extension of the present study to analysis of the
M72-IRES-tau-lacZ allele may ultimately be warranted.
Few sites of neurogenesis remain present in the adult
vertebrate nervous system. These include the olfactory
s of reproduction in any form reserved.
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89Embryonic Development of Olfactory Neuronsepithelium, the vomeronasal organ, as well as the dentate
gyrus within the hippocampus and the subventricular zone
of the forebrain. It has been reported that unilateral infusion
FIG. 6. Normal targeting of P2-IRES-tau-LacZ axons to glomeruli
each olfactory bulb; shown are the more caudal glomeruli. No appar
C), TrkC (D), BDNF (E), NT3 (F), or BDNF/NT3 double (G) mutant
xtraglomerulus.of BDNF into the lateral ventricle increased the number of z
Copyright © 2001 by Academic Press. All rightroliferating cells in all layers of the ipsilateral olfactory
ulb (Zigova et al., 1998). These proliferating cells, which
re thought to be interneurons, arise in the subventricular
eurotrophin mutant mice. P2 axons converge to two glomeruli in
ifferences in P2 axonal targeting between WT (A) or TrkA (B), TrkB
e. In some cases, wt or neurotrophin mutant olfactory bulbs showin n
ent d
micone and migrate toward the olfactory bulb through the
s of reproduction in any form reserved.
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90 Nef et al.rostral migratory stream. In the olfactory epithelium, in
vitro data also suggest a potential role for the neurotro-
phins. Exogenous application of BDNF and NT3, but not
NGF, increases the numbers of immature neurons in pri-
mary cultures of olfactory neurons (Roskams et al., 1996).
Our in vivo experiments performed with mutant mice
bearing a P2-IRES-tau-lacZ allele and deficiencies for
BDNF, NT-3, TrkB, or TrkC do not suggest a role for any of
the NTFs in the development of the ORNs and the axonal
migration toward their respective glomeruli in the olfactory
bulb. These data underline once more the importance of in
vivo experiments to assess potential roles initially discov-
ered by nonphysiologic in vitro experiments. Furthermore,
these results point to potentially different mechanisms for
the embryonic developing olfactory lineage—not requiring
neurotrophin function—and the potential power of these
molecules in regeneration of mature lineages.
The absence of phenotype in mutant mice for the NTFs
or the Trk receptors during embryonic development of the
primary olfactory system should not preclude a neuropro-
tective role for the NTFs during adulthood, in particular
after injury. Indeed, due to the highly accessible localiza-
tion, olfactory neurons are very susceptible to injury. Re-
generative mechanisms must have been established to
maintain a homeostasis in the number of functional mature
olfactory neurons. The NGF family of neurotrophic factors
are possible candidates for mediating these neuroprotective
and regenerative effects in the adult animal. In the PNS,
studies have shown that NTFs promote the survival of
developing and lesioned neurons and enhance nerve fiber
growth and regeneration (Barde, 1989; Davies and Lumsden,
1990; Diamond et al., 1992a,b; Oppenheim et al., 1991,
1992; Sendtner et al., 1990). In the CNS, BDNF and NT3,
but not NGF, prevent axotomy-induced death of adult
corticospinal neurons in vivo (Giehl and Tetzlaff, 1996). In
addition, NT-3, but not NGF, enhances sprouting of the
corticospinal tract during development and after adult spi-
nal cord lesion (Schnell et al., 1994). Therefore, a natural
consequence of the present study will be to study the role of
NTFs in adult mice after injury. Since mice with knockouts
of these genes die early, the advent of mice made condition-
ally mutant for the neurotrophins and their receptors em-
ploying the Cre/Lox system (Ma et al., 1999; Minichiello et
al., 1999; Xu et al., 2000) will provide an ideal system for
continuing these studies.
Puzzling questions arise from the results of this study.
Concerning the expression of the Trk receptors in the
olfactory epithelium, what are the role(s) of truncated TrkB
in the lamina propria? What is the use for this kinase
deficient receptor? Similarly, both full-length and truncated
TrkC receptors are present in the lamina propria, but their
functions remain unknown. The lack of phenotype ob-
served in this study may be explained by redundancy with
other trophic factors or may be of an extremely subtle
nature. Continued analysis in the mutant olfactory system
may yet reveal new functions.
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